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Abstract. Hexagonal boron nitride (hBN) is a layered dielectric material with a wide range of applications in optics
and photonics. In this work, we demonstrate a fabrication method for few-layer hBN flakes with areas up to 5000 µm2.
We show that hBN in this form can be integrated with photonic microstructures: as an example, we use a circular Bragg
grating (CBG). The layer quality of the exfoliated hBN flake on a CBG is confirmed by second-harmonic generation
(SHG) microscopy. We show that the SHG signal is uniform across the hBN sample outside the CBG and is amplified
in the centre of the CBG.
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1 Introduction
Hexagonal boron nitride (hBN) is a layered material analogous to graphene1 and transition metal
dichalcogenides (TMDs),2, 3 which have sparked significant interest in the last few years as po-
tential platforms for future photonic4 and optoelectronic5 applications. Compared to graphene
and TMDs, however, hBN has a much larger bandgap of about 6 eV, and can be considered a
true dielectric. While its wide bandgap poses a challenge to utilise it in optoelectronics as an
active material, it makes it an ideal platform for pure photonics, including a wide range of appli-
cations in quantum optics and nonlinear frequency conversion.6 For the former, its wide bandgap
makes hBN transparent throughout the visible range, enabling the utilisation of its atomic defects
as high-quality single-photon emitters at room temperature.7 At the same time, hBN also has a
strong quadratic nonlinear optical susceptibility χ(2),8 which facilitates 2D materials for a range of
traditional nonlinear optical applications such as nonlinear microscopy,9 spectroscopy10 and sig-
nal processing.11 For nonlinear optics, a wide bandgap is particularly important, as it guarantees
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negligible optical losses across the visible spectrum. It opens a possibility of integrating hBN
with a range of optical microstructures, including photonic chips, resonators, and metasurfaces,
adding quadratic nonlinear optical functionality to platforms with low or zero χ(2).12 In this con-
text, transparency for all interacting wavelengths is essential, enabling the utilisation of hBN with
high quality factor resonators13 and waveguides relying on phase-matching14 – both concepts were
demonstrated with TMDs, but lack in performance due to inherent material losses.
However, the aforementioned applications require a reliable fabrication method to obtain large
and thin hBN flakes of high optical quality and unperturbed crystalline structure. Compared to
graphene and TMDs,15 separating layers in hBN is much harder due to stronger bonds. Several
methods have been proposed;16–18 however, the crystalline quality and the suitability of the fabri-
cated samples for nonlinear optics remained an open question.
In this paper, we demonstrate a reliable method to produce hBN flakes with high optical quality,
few-nm thickness, and areas that reach 5000 µm2, based on a method developed previously for
TMDs.19 We performed a statistical analysis of the produced flakes measuring their thickness
using AFM and their lateral size using optical microscopy. We perform the integration of hBN
flakes with a circular Bragg grating (CBG) to demonstrate the photonic integration functionality.
The flake quality is evidenced by a set of SHG microscopy measurements.
2 Gold-mediated exfoliation of large few-layer hBN flakes
2.1 Fabrication Method
We obtained a high yield of few-layered hBN flakes by following a previously developed method
for TMDs,19 shown in Fig. 1. hBN crystals were mechanically exfoliated with sticky tape. Then,
the top surface was coated with a 50 nm gold film using sputter deposition. After film deposition,
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Fig 1 Schematic of gold-mediated exfoliation of hBN flakes. The process involves six sequential steps and allows
fabricating high optical quality hBN samples with a small thickness and large surface area.
a thermal release tape was used to exfoliate the hBN/gold film. In this case, the sputtered gold
film provides a stronger bond to the few topmost layers, thus allowing for a more selective peeling
effect using the thermal release tape. Here, the sputter deposition damages the very top surface,
causing dangling bonds to better adhere to the sputtered film. The tape was then peeled onto a
SiO2 substrate that has undergone additional O2 plasma treatment to increase the surface adhesion.
After exfoliation, the tape was released using a hot plate, which left the gold film on top of the
hBN intact. Following the exfoliation, the substrate was then cleaned using piranha acid, followed
by further UV-Ozone treatment, and the gold layer was then finally removed using aqua regia.
Subsequently, the thin hBN flakes were transferred onto the final target substrate with CBGs
using a wet transfer technique. For that, a 500 nm polymethyl methacrylate (PMMA) a film was
spun onto the SiO2 substrate. Then, the SiO2 substrate was etched in a solution of potassium
hydroxide, which would release the PMMA film floating on the surface of the liquid. Another
silicon substrate was used to pick up the PMMA film and transfer it to ultra-pure water (repeated
three times). Finally, the film was picked up using the target substrate (fused silica) and dried on a
hot plate. Subsequently, the PMMA was removed using a warm acetone bath and further cleaned
using an ultraviolet ozone treatment.
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2.2 Characterization and Statistical Analysis
Microscopy analysis was carried out on a set of hBN flakes to determine the quality of a sample set
of hBN flakes following the exfoliation. Fig. 2a shows side-by-side an atomic force microscope
(AFM) image (left) and an optical microscope image (right). From the AFM image, a uniform flat
and smooth surface was directly observed. At the same time, the optical image shows a uniform
colour from the flake surface.
To show the reliability of the fabrication approach, we measured flake size and thickness for
a set of 24 flakes, as shown in Fig. 2b. The thickness of individual flakes was determined from
AFM images by averaging the height of an hBN section and relating it to the average surrounding
of equivalent surface area size, after levelling the image. The mean flake area is 2,468 µm2, for
which we assume that the upper limit may be associated with the initial crystalline size due to the
flake quality. Hence with larger crystals, larger flakes may be obtainable. The median thickness is
2.405 nm, which corresponds to approximately 7 layers (3.3 A˚ / layer).20
3 Photonic Integration
3.1 Circular Bragg Grating Fabrication
After that, we proceeded with photonic integration of hBN flakes on top of a CBG resonator to
study nonlinear optical performance. In this work, the use of a CBG is based on both its good
emission directionality and intensity enhancement. The CBG structure was fabricated in a 200 nm
SiN layer, supported on a 800 nm SiO2 layer on a Si substrate. First, a SiN layer was grown by
PECVD (Oxford PlasmaPro System100 ICP180-CVD). After growth, a 400 nm ARP-6200 elec-
tron beam resist was spin-cast (4000 rpm, 60 s) on top of SiN membrane and baked at 150 ◦C for 3
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Fig 2 (a) AFM image (left) and optical image (right) of a gold-exfoliated hBN flake showing high surface quality and
large area. (b) Area and thickness statistics for a set of exfoliated hBN flakes showing the feasibility of this approach
for large-area flakes with few-layers thickness. Insets show the respective median values and standard deviations.
minutes. The pattern was defined in electron beam resist by electron-beam lithography (Raith Vis-
tec EBPG5000+ 100 kV) and then transferred into the SiN membrane using a reactive ion etching
system (Oxford PlasmaPro System100RIE) with CHF3/O2 gas. Finally, the residual resist was re-
moved by a gentle oxygen plasma RIE process. The design of the CBG consisted of a wavelength-
scale central disk surrounded by an annular periodic grating acting as an antenna optimised for the
wavelength of 835 nm.
3.2 hBN Flake Transfer
As shown in Fig. 3a, a 50× 50 µm hBN flake was transferred onto the CBG structure by using
stamping method on a lab-built aligned transfer setup consisting of a conventional optical micro-
scope equipped with a long working distance objective (LMPlanFL N 20x), a heating stage and two
micro-manipulators (one to move the sample stage, and the other to move the stamp). The align-
ment transfer was controlled by observing through the optical microscope connected to a digital
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camera. The sample was placed on a heating stage connected to a source meter, and a thermocou-
ple was used to heat up and monitor the temperature of the transfer process. The hBN flake was
picked up from the SiO2 substrate at 40 ◦C, and released onto the structure at 110 ◦C.
The polydimethylsiloxane (PDMS) stamp was made by mixing 10 parts of Sylgard 184 pre-
polymer with 1 part of the crosslinking agent. The solution was then spin-coated on a glass slide
and cured at 60 ◦C overnight. Next, the stamp was treated with oxygen plasma for 10 min. Finally,
a solution of Polypropylene carbonate (PPC) (15% in anisole, 50 K, 1500 rpm) was spin-coated to
obtain a 5 µm thick layer on top of the stamp.
4 Nonlinear Optical Microscopy
4.1 Experimental setup
To confirm the uniform distribution of layers throughout the whole area of the hBN flake and study
the quality of photonic integration with the CBG, we utilised the layer-dependent SHG response21
(see Fig. 3a). This process requires a non-centrosymmetric crystalline lattice. It only occurs in odd
numbers of layers due to destructive interference between the second harmonic generated from
even layers and can characterise the non-uniformity of layers in large flakes.
A second harmonic luminescence map was measured using the characterisation setup based
on a custom scanning confocal microscope, shown in Fig. 3b. The sample, mounted on a 3D
piezo stage, was excited with a pulsed laser at a wavelength of 838 nm (Spectra-Physics MaiTai
WB, 80MHz – 80 fs) using around 30mW average power. The beam was focused through a 50×
NA 0.55 objective (O1) onto the hBN flake. The generated second harmonic signal was collected
with the same objective; the pump was then filtered using a 750 nm shortpass filter (FES0750) and
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Fig 3 (a) Schematic representation of the SHG from a few-layered hBN film on a CBG. (b) Simplified schematic of the
experimental setup used for the non-linear measurements of the transferred hBN flake depicted in (a). DM, dichroic
mirror; BS1/BS2, beamsplitters; O1/O2, objectives; L, lens; SP, shortpass filter. (c) SHG intensity map of one CBG
(marked with a dashed red line) with the hBN flake on top. (d) Measured SHG spectra from hBN in the centre (black
triangles), on (blue diamonds), and off (red squares) the CBG with respective Gaussian fits (dashed lines).
the signal was directed, via a multi-mode fibre, to an OceanOptics QEPro spectrometer for spectral
analysis and 2D SHG mapping.
4.2 Second Harmonic Generation Results
The sample position was scanned using a piezo stage to measure the 2D map based on the highest
SHG intensity for each pixel (Fig. 3c). The homogeneous second harmonic signal, displayed
around the CBG structure (red dotted line in Fig. 3c), confirms the flake’s large size and uniform
distribution of layers. The dark sections around the outer edge of the CBG structure are likely
due to higher-order diffraction from the grating. At the centre of the CBG, second harmonic
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enhancement can be observed, corresponding to the increased density of states at the resonance
combined with the directional out-coupling from the CBG.
Spectrally-resolved second harmonic (2ω) counts are background corrected and fitted with a
Gaussian [Fig. 3(d)]. A 6 nm full width at half maximum (FWHM) signal is observed when the
second harmonic is collected at the edge of the grating and of the grating, corresponding to the
pump spectrum. At the edge of the grating, the SHG is reduced due to the higher-order diffraction.
The grating is designed for the strongest enhancement at 836 nm with narrow spectral selectivity.
The spectrum shows an enhanced second-harmonic emission around 3×with an FWHM of 3.5 nm,
as seen in Fig. 3d, in agreement with the resonant selectivity of the CBG. These results correspond
to what would be expected from a high-quality hBN flake being successfully integrated with the
CBG photonic structure.
5 Conclusion
To conclude, in this work we demonstrate the fabrication of large and thin hBN flakes, perform
the study of the reliability of this method, and demonstrate hBN integration with a CBG photonic
structure. We perform SHG microscopy that reveals high material and layer quality of the fab-
ricated hBN flakes and successful CBG integration. This work opens hBN for a wide range of
applications in nonlinear optics, including microscopy, spectroscopy and signal processing. In this
context, hBN can enable strong χ(2) interactions in well-developed metasurface and photonic chip
platforms that would otherwise lack nonlinear quadratic functionality in the visible range. Beyond
nonlinear photonics, few-layer hBN flakes are also sought after for quantum tunnelling devices22
and as thin dielectrics for gating in various configurations.23, 24
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